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/9-Ketoacyl-acyl carrier protein synthases I and II of 
Escherichia coli were purified and characterised. 8yn- 
thaae I was shown to have a molecular weight of 80,000 
± 5 f 00C and to he composed of two similarly sJsed 
subunita. Synthase II had a molecular weight of 65, 000 
± 5,000 and also was apparently homodimeric. Gel 
electrophoresis of partial proteolytic digests demon- 
strated that synthases I and II share few if any common 
peptides. Synthases I and U also were shown to be 
unrelated by immunological criteria. An improved as- 
say for l-ketoacyl-acyl carrier protein synthase activ- 
ity gave kinetic parameters for synthases I and U at 
both 27°C and 37 °C using five long chain acyl-acyl 
carrier protein substrates. The properties of synthase 
n are consistent with the proposed role of this ensyme 
in the modulation of fatty acid synthesis by tempera- 
ture, /annuitants of & coli lack synthase IL The fabF 
locus was mapped at min 24.6 of the K coli genetic map 
and the clockwise map order was found to be pyrCL 
A» A fabF, purB. 



Unsaturated fatty acids comprise about one-half the fatty 
acid content of Escherichia coli and are primarily found 
esterified to position 2 of the an-glycerol 3-phosphate back- 
bone of the membrane phospholipids (for review, see Ref. 1). 
Palmitoleic (C16A*) and cu-vaccenic (GlftA 11 ) acids are the 
sole unsaturated fatty acids found in this organism, whereas 
palmitic acid (C16K)) is the major saturated fatty acid. The 
fatty acid composition of E. coli changes as a function of 
growth temperature (2), the proportion of unsaturated tatty 
acids increasing with lower growth temperature. In E. coli 
this adaptive response does no* involve de novo enzyme 
synthesis (3), and the increased amount of unsaturated fatty 
acid produced at lower growth temperature corresponds to an 
increased rate of synthesis of cw-vaccenic acid (4-6). The 
primary site of temperature regulation is at the level of fatty 
acid synthesis (7). 

In E. coli, the chain elongation step of fatty acid synthesis 
is the condensation of an acyl group bound to acyi carrier 
protein (ACP) 1 with malonyl-ACP (8). This reaction is cata- 
lyzed by the enzyme, 0-ketoacyl-ACP synthase, which can be 
separated into two forms, synthase I and synthase II (9). The 
two forms differ in their pH optima, heat lability, and motec- 



This research was supported by National Institutes of Health 
GranU AI 10186 and AI 16650. The costs of pu blication of this article 
were defrayed in part by the payment of page charges. This artide 

^^Zf^J* hMwhy muktd u ^bmiisement n in accordance 
with 18 U&C. Section 1734 solely to indicate this tact 

n * I ^ e8e ?i addr f^ Department of Microbiology and Molecular 
Genetics, Harvard Medical School, Boston, Mass. 08138. 

1 The abbreviation* used are: ACP, acyl carrier protein; tof*, tet- 
racycuiie-resistant; SDS, sodium dodecyl sulfate. 



ular weight (9). We have recently shown that fabF mutants of 
E. coli, which are deficient both in the temperature regulation 
of fatty acid synthesis and in the elongation of p«tm!ti>lw 
acid to cw-vaccenic acid (10), lack £-k*toacyl synthase II (11). 
D'Agnolo and co-workers (9) had previously reported that a 
class of mutants (fabB). deficient in overall unsaturated fatty 
acid synthesis, lack ^-ketoacyl-ACP synthase I. We further 
demonstrated that the fabB locus is the structural gene for 
l-ketoacyl.ACP synthase I (11). Since fabF mutants possess 
synthase I activity, fabB mutants possess synthase II activity, 
and fabF fabB double mutants lack all fatty acid elongation 
activity (11), it was considered likely that synthases land II 
are distinct enzymes snd the products of different structural 
genes (11). However, the two enzyme forms co-purify through 
several protein fractionation steps (2) and have similar prop- 
erties. Thus, h seemed possible that synthase II is a nidified 
form of synthase I. This putative modification could be in- 
volved in the temperature control of fatty add composition of 
the membrane phospholipids of E. cou\ since synthase II has 
a key role in temperature control (11). Therefore, we have 
purified the two synthases snd compared their properties. 

In this paper, we report conclusive evidence that £-ketoacyl 
synthases I and II have different primary structures. An 
improved assay for 0-ketoacyl-ACP synthase activity is re- 
ported, and the substrate specificities of synthases I and II 
were analyzed at two different temperatures with five long 
chain acyl-ACP substrates. The relevance of these data to the 
regulation of fatty acid synthesis is discussed. The £. coli 
genetic map location of the fabF gene, the presumptive struc- 
tural gene for 0-ketoacyl-ACP synthase II, has also been 
determined. 
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p-Ketoacyl-ACP Synthases ofE. coli 



t-MMJMtf MM MM IpftllNlM* by MlMlC «t«r tfMfttton (17) tf tM Wlltl 

tf )-4«yiJu«r^ta weTty^ltot n «ner1M * (rwliri end Servlt (II). 

Ito «14 en W eU « rot* H ill l i ef*. 

NTotrtaftCMoU m« ma syntMslwd fraa Voct/M [Omittf tonnes Co.) «wj 

t-liMl k MlTTiMrMi CtatiH to.) by te nttn M tlin l« M*WtoleM4o*^r1e»ltt- , 

Mil little* (If). TM KM aw cruunini froa immUm tfttr aMltUii tf wart crystal I 
prwIM llr I. I. ilhwi (Hoi how U toeM, inc., (totfe* NW.) 4*J etftat ft M* C 

Km ywlc kMi Mfi r***M to ill Itteeri *t1« tat catalyst tf Cftai tnJ Mltnttr 



Itini 



a ant Mf nwnM h* cimmm tf mm **m m **** * ****** mmv m 

I* tllCMm i^HfUM.cMMri after r*duttto« to tat mmm «• mlitt. TM mthu 
Kits mn JylM uTMi eurlftod fro* tf eay itertlej eu**HeT, totwretet tcft. i 
' r|aet«1*o thin let** cantMttfrtpto (»j. TM twlty tf tM otters wj 
m thr— m rtf U ylW) tej mm feend to to >MS 1« «il ctm. After 
atUr* an teaMl'M U five to* notessivn) Hit tf tM etlt. 

0*0*0! rlfiT»'Sj| f iff UfRnTaU 4 ^ SlSJf ' ?»8ifel m **rmat la? 
to*. uN IKlMltwHl 1* O.TN pattella* pMtetett tor I irte ft rf* to 



treat ItflMr by t ffitKtw tain I«mt (ftTMttrtrtr (»). TM) twit* tf tM Mttrt mi 
eWeta*** l» hi tHr— t«r W jW) Ml mm feetf to to wn it ill ctm. After 

p^WkilU, iM MUrt ware seoenlrioo U five *M potottloa Hit tf tM etlt. 
rtfl«d«lc«t1yas „ - - ------ 

MS treated wit* M l* MMMtMriii It O.f N pttMlt . 

I tact lotto ntleetl Mttoacyl AC* tyathet* activity («). n mh m tr ansae/ 1 aw ecimiy 
it 1 wwl tf ealenyl-ACF fereeeTetfl. 

Acyl carrier protein (ACJ) was prepared according to tM MtMd tf bojerws et al,. 
(») via tM ftf 1e*io* eettfkottoni. tM iMoraiton t m»1tli« frm hui m m M* tf^tM 

■!•) tM tM HWKK l««tf «lrKttjr 1 ICM-cjW. ealwi (S). TM *> tl«ttf 
fmttilW Ml mm tmmm to tot «y1-Kf tpilMUM mmjt) m Ml to M M M i m iBirt 

IN, mmIn •VUSbKlljMl' Llli|rtltMykli1<r«UttM tout*) mt« +U\mi frm CN Ufcfw- 
torlM, ClMftN, in. TM ilMtrwItorMli r—tmit mn frm utor*t*ritt. RlctoMM, 

»yrlfl«rtlM tf i*jtMt»l.«t tolUiM 1 W II 

tellt tf rtrtt* ifCl {tM «4 r«M to \tu mi imm an • rk* Mtw Milu* mm 

.._ M ^ tf PrtM«tt Ml VtUlM (M) Mltlt tM ■OHflM- 

»U ft Jl. {»). A COlMft tf 

1 «M ufi to miriU ufntMwt 



i Mr'flcrtlw pr«Mlm mm tMt tf PrtMtit Ml VimIm (tt) »H 
tlMf ittrtlm M tM MtrtijflMttU* tttf ifftrtfuttl to D'IimU ft t|. (I 
— 'IttMin* vltMwt iMtMto* tf kphtMi 0-HV«tTiiS to 



totrwIiMtlto (ItdUt KTt rltMwt ImImIm tf kphtMi 0-H) «H uS to MftrtU l/ntlMWi 
t MMJII. M MMTttlM Ml «U1«tl Wl«| KMttfU-C (Cltr* OMtlctl Ct., WtlltMlMrt, 
TM), t MfM prtptrttlM tf totmjrltMtlU. Ctdi tf tto Mttrtttl vfUiw Mt tMn purl- 
ftH tt MMMMttjf to Ml flltrttlM to I1«-«t1 9100. 

TM IMtMM mut (Util mttM » vl) CMttlMl O.Z M poUiHua pMspHitt 
(pH ♦.IJt todlw ttM1tmlta»iMtttrKttte Kit, 1 «t; tUhittMital, 0.J *i admvl trwt- 

UtrttftctMyl). «0 »N iM MttMcyl-W urittMM. P«r HKtotl KtMty tto nalanyl tr»m. 
Kjrltft Ml AC' «trt n*c* Mftrt tM Mliy to tncttttlcn tf t •liturt of tMM Um comoa- 
mti p| M tM ^tolwwtlwlMtttrKtllc K(d Mt tltklMlmltol I* 0.1 N KjW^ for TO- IS 

«t 37* C. to mmI mIim tf 0.1 R WtNtOt Mt tM M>anyl~CoA «n tfin «dtet ant 
tM ntiutn mi 1«tutottf at ran tanatratm for t fan aln to allow aatoivl trMMcylaw to 
rHCH tqnllliinai. TM reaction mn tMn starUt to attltlon wf ac/l-ACr ant miym. After 
IntuMtfan at )7* C for 20 nin (or 27" C for 40 aln), tM roactloo M> tomloatat to adtltlofl 
of 0,1 al of raduclng rtoaant. TM rttycltf rtafant MS atotlot an tM roults of aarron and 
Moaty (Jl) aat coatalMt 0.1 H KjWOl. 0.4 M KC1, 301 tttrototrof uran , ant 5 MV«1 
MIH|, tM MttXa mm attat just MTort im. Tlw ratwln« aolutto* m% storot on tot and 
uMt within 2 hr aftor proMritlon. 



Polloviiif attltlon of tM . . - 

alia! vtoorodsly ant Inc^atat at 17* C far at iMit 30 aln. Tolwm (0.4 al) was 
I contorts tf t * " 



ftdwclng roaawt, tM contants tf tM assay tytes mrt 

t I Hit 30 aln. Tolwnt (0.4 al) «at attfod 

TM m o t ar pmm of tM rowttlnf tao phau 



rawlnalMt. 

alitor* Mt a »«1 «M of 0.11 al ( tot to partition tf mrttotrefuran Uto tM toluoM) 
porttoa (va to 0.) al) tf tM upajr asm mi takoa «d cotattot tlrtctljr to a toltamo Msod 
KlntlUattaa tolotlon. A unit tf imtMu acttwltjr catalytot tM Incorpontion of 1 »1 
of tI-»*CJ MlOMto inu tM rotucot product par aln at V* C. TM aisajr m% llnoar 
wtitll atotrt 0.35 |,m1 of protect Is foraot. This corrts ponds to tM conversion of 
aaproitaattly 20 ant 301 of tM Mlonyl-CoA ant acyl*AC*. rospoctlHly. 



4 tow Zoalaad *Ui rabbit ms tojactot wltli on onclsloii of 1 a] of Mmomkws 
lyntMs* I 1o Fraant*s conplato Mjmrint. (Mfco LaMraUrlM. Ootrolt, Ml). Inject Ion mi 
Into aack MM foot pat ant tetwoon tM scapula. A sacondary Mwliatlon ms given 30 days 
aftor tM prlaary lojoctlon. Aftor U aore toys tM sorwo ms collected and tM loC frac- 
tion pwrlfiot to itondart tecMlquos (M) ttcopt tMt a QAE-Sepfcoati coIum na In 40 t* 
Trls-CI (pH 8.0) was otod ratMr tMtm tM vSoal OCAf colli lost colunn (tM suotastlon of 
E. n. Voss, wlMrslty of Illinois). 

iMcro Ouchtorlony plates wore nw on nlcroscoue t lidos as prcvlowsly descrfbod 
(34J. Aftor wasAIni to reaove soluble proteins, tM protein procltatas Mre stalood with 
Coaesslo IIm (M). 

Thlo yojfor OiroMtoyfto 

SI Ilea ool C thin loyer plates (W0 im thick) wore purchased froa Anal tech, %wrt, 
Of. For separation of Tons cMtw tlots froa oano-ols tM solvent tystons wer« pctrolown 
etMr:otMr:acot1c act* (ffl/n/1, M vol mo) or ether :2M aaaonlMi hydroilde (IOQ/0.5, by 
vol test). 

For separation of fatty aclt Mthyl ostors. silica e» plates vare tlpptt Into a 
sotwtloa of 201 (wVv) Aaf4>) 1o aceconltrlto. TM wjprmitloa of tM silica e»1 with 
Aettj mn fownt to M oaolvalent to 1» lapregMtlon Mini tM wswjl pmatvro. Aftor 
evaperatfea of tto solvent tM plates won activated at 10T fnr at least 2 or. rlates pro- 
porot In this aeaoor aat dmtoped once la teleMO at -17* C ee* hlflhl/ roprot»«tb1e ss^ira- 
ttoas of poaHtolefc. cls-vaceenlc and sateratod actos oealvalent to these reportod prevl- 
oosly (10). 

SotlaoaUtloa Coolllhrloa 



provloasljr (27). loth syntMsos and tM fowr 
tM roaalnlai standards hy 



TM aathad) « , 

lerem stontarts woro «Mentftatod to antyaetk anelysit.'u 
Amo. *• bwffers waat wore 0.1 * potrntwa ^kosphate. pH e.1 In tM sywtMse 1 
esaoriaarts aat 20 m M-Z-hjeVoo^etayT p1aeroi1o*4M-oCheoa4e1 fonlc acM buffer conutolnf 
0.1 a. aoMaty* sulfate (atjostat to pH 7.1 with RON), both boffers conuinod 10 ofl 2-aercat- 
toetMnel aat 10 af/ri Dartre* T-IO. TM syaUase II saaales «1so ce*U1nri ovalbwaln (0.2 
M/at) U p ro len t tM atsaratlM tf tM ouyaa to tM cent Hf won UM (i). TM syntMse 
" K1 I 

Hffi 

. ... — r asoroarlati 

■ I Bii 1 neat i sMwad no loss tf syntMw activity eon as cemrifiMetlaa. TM 5 for «yntMse I 
aet II (bath - «.73) ware celcoletat froa tM anio* aclt caacesKloni (Table 3). 



mth sMthas* i 



■» hytreoylaaatlto puriflet jrsntratloas troa stralM UC1 (tynthes* I) or 
II). SMIar valoM (i S.OM) wove oaUlaai ta fear efferent «a»r(aoatt 
aat three dlffereot Mpr l aoa t s with synthase II. TM aparoerme control 



TM Strtlnt atet are oImn It Table 1. All fatttl itralns wire constructed by 
aat i oa a atrietta jt le resistant F- strain with tM MtVTroln CT222. Strain Ctm is an 
~* " " i *tre1» L3I-I of toleassore et ol. (34) by traasowc^ 

sensitive allele? After a 3 hr lacaMtlen, 

r 1 MlatUk acM (100 »e/al) aat strtpto- 

I ofVal) at 33.S*. AW Mlf of tM fjr* rocatolMOts 1nMr1t«t tM fab£lS allele. 



afK faafto. errA strain deHvod froa stra 
t1on efOni GBR allele to fabJJS, • taap 
tM notlne hTitires wore ptataTM aatta a 
ayele (201 uo/at) at 33.5*. AM Mlf of 



Tr i m twet teas t 
tlw ww at 33* for 30 mU>. 



mriwmm at eescrlbat sreotaasly (37) oacaot tMt pMae adtorp- 
I" oeVHIai to tM wtael coatrols. In transtw t t ions as 1m tM 
fjfJ_narMr of ttrole Ul^l as a rod pi oat, o parallel cress Mini Meet orean on strain 
«=0te« oloa p offai aa d . Tats crass ms vset to eeteraine tM hill lay actlan of phoon 
1 •feet ton on tM sp iatanaa oi nivertaeta tMt fr a eaiatly occarrat in atteres of strain 
LA2-M. 

, tM MH eaatjiMt tetracycltne 
Mltlon wen |Imh prewlowsly (31, 



tt (U). hoMW, Han 
awtaeu, tM Itakaft of fjbf 



U ■ i|U" lathffnaal, tot Ml lac at 1i rtMtljr ose< 
SM -wtMts MvTtM mm Mn aa*aytyla at fMfj fabf ttabli 
™»JM ♦** *V atilMti of tM fatty tfTFaoWtttn. . ^ 

•roai in t off load ■Mloa (10) tvornlfM at Thne col tyros atre tilot^Vl|.foU and 
rooa for I hr at M* btfert atdHlon tf | wCVori oMbi Cl.I«cW«tt (44<M Cl/a»M* 
After an aatltlantl 41 all locaMtlon. tM.pMe»b»Hetei wore eotractat fro, tM wltam aad 
tM fatty KM Mletles ceavartat to tMtr ajttol art on (40). After 
chroaatotrapto, tot cMeatUiitai wort aatortt1 a|r ay ha d. The Ck* phi 
visual latetctlao tf tM ao to f atloa n ao «, |0). 



ten thin layer 
aMnetMoj mi Korod by 



tHfWsylWt<t1l tf m BfaHtl 

The Mtay prtvleasly oset to vlrtoally all tto wort trttJt tM Metoocyt-ACf tyn. 



****** * -to • om*IM att*y{l. tt. M, », 41). Tat Metoacyi-ACP «« rMacat 

l^an*rerjH»ltCf M 1na attMr l- hyo r o u ocyl-CoA <otot>i|aaaM free pie Mart or a portl! 
porlflad i^teatyl^ktf roaw rt a s o ftretTl. colt. Tat coupled ottay woi tMa fell owed by 

- — "* — wfruiaat for 

is MtU dlffli 
rl-Aty apectao 



roouctlat tf writ 1« owe toot lee. AltMiohTITi titer ms sotf kToat for oMsaa PtnHf ka- 
ttoa, the tvjer^ret^M^ iuo«roU ats ertte dlfflwlt Mar " 



ctflcltlot of 1 



A tocead preblea with tM a m loot aetey it tM atturo of tM AC* soastrato. TM 
acyl-AC- swbstrotos ear* sjrntheslted catjttotnjr aat taft prictJonj fives rim to oaeetrates 
of aleely varytai activity In talc* tM AC? oaiety It apt to Us ajtlvo coaforaotlen (20. 
2f). Ferthoraoro, tM atyl-Atr proaeratlaM war* cantaotnatet with atnaUrat A£*tM. TM 

Rbltm tacoantaret alU (Mm aaWtrotes ore Mat lllMtretat by tM wIM voriatloa to 
heel is constants reported to tat laboratory (t, 21. M. 31. 41) far eerleat suastratos. 
TM Ka tf lyathat* I acetyl -Af> Mt verlot free lf-it nh, that tf els 1 tatanoy1«AC» froa 12 
tt 71 v* tot that tf MlBlUlaJty1-At» froa 37 to 1M uN. M tMroforo nithet to MM ott tf 
cMakally proparot awh«trotos. 

TM i^loxatjoical attty m tovaloaet mm* not I re acyLAC* iwMtrates lynches 1 ted by 
acyl-AC* tyothotate (10, 31) aej porlflet fret tf AC* by hje>«oMbk chroMtetrophy (It, 2f). 



fno tf ACP to taplrooMbk chreMtetrapay (» 
TM conaaotatlM tf tht acyl-AC« itattrttt with Mlanyl^b? U five f ^oUacyfwiC* was 
ftllMtl to um tf Cp^leavl-ACt. at *t*t NaWi treataejnt to etnWttM 

t^etoacyl'AC* proawt lota a fora that cawld at ar. erected 

treotaant eanvorttd tnti 
mitm and Monty (31) i 
trMtaont with M0h| in 
eetlrabla dM to tM 1m 



I lata aroaalc Mlvonti. tttaX4 



into *-k*toacy 1-At» Into * 1,3-tlol to rabuelM bath tot) urMnyi eroups. 
wot) thn acyl ttltttttri afro readily rtfatat to t fatty alcohol to 
H ««nwwt tot rejyejrefiirM. Mduttlen tf tM httoM fraup ait 
iMttbllity of Meto acltt. 

The clMvoft tf tM thlMttor wt fttntlutlvt. After 20 aln tf reaction tf 
[lK)Nl«1ty1-AC> with MOHi, HH of tM palalUtt radioactivity coo Id M m tree tod 
InU tolutM. In tM to tone* tf «r«, <H of tM radioactivity an totuMt attractable. 



After bjlH4 trMtatnt, too product tf tot co nde n sation of tetrodaceneyl-ACF with 
Cl^Oalonyl-ACF cachronutooripMt with awthentlc l,J*01oli (Flf. I), he free fi 
aclts wore formal Indicating that no Hydrolysis of acyl -AC* aecurrM under those conditions. 
Quant 1 tat tvt oi tract ton Into toluene Ms obt lined with oltlt bCW. 



l,J*01oli (Flf. I). 



TM assay wot 11 near with tin* for at least 2S ate (Flf. 2) ant with pwrlfiot s/n- 
tMso to at toast 0.2 ui tf protein (Flf. 3). TM assay Mt obi loot* roMlreaents for acyl- 
AC- ond Mlonjl trantacylatt and was it luxated by ttthlethrottol and ethyl enatlaalnetetra- 



acetic acid (Table 2). TM activity In tM absence of added acyl -ACT can M attributed to 
tM decortotyldtlon tf aalonyl-ACF by B~t*toacy1-ACr syntMto to fora acetyt-ACP (42). TM 
activity In tM absence of added ACf can M attrlbottf to tracts tf ACF In tM vorlows pro- 
tein solutions. As anpectet froa tM aalonyt-CoA CD? otcMnee roactloo (»). AC* acts 
catalyttcatly 1n this asuy. 

The sensitivity of tM assay ms United only by tM specific activity of tM 
[I-l*C>>a1ony1-CoA available. Mlonyl-ACF «*s eneratot froa wlonyl-CoA and ACP In tM 
reaction alitur*. TM equilibria* of na^onjrl traniacylase 1s 0.1 thus procludlM efficient 
preparative synthesis of Mlonyl-ACP froa aalonyl-CoA (43). 
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RESULTS 

Molecular Characterization of Synthase /—We purified p- 
ketoac^-ACP synthase I by a mhKir medificatkHi of the 
scheme reported by LTAariolo et aL (9) and obtained a prep- 
aration having a specific activity of SJS unita/mg of protein. 
All synthase I preparations gave a sinaie stained protein band 
upon polyscrylaniide gel ekctn^phoreais in the presence of 
sodium otodecyl sulfate (SDS) (Fig. 5). The apparent lnoleo 
tuar wei^t for syntiian 

was found by Phillips and Neidhardt* Neidhaxdt and co- 
workers (48-60) have studied the regulation of die synthesis 
ofalargeiiumrjerof&coflp 

gel electrop4hctresn method of OTarrefl (51). By cornparison 
with a sample of synthase I that we provided, Priifiips and 
Neidhart* have klentined synthase I as their proton F4U 
(4S, 49). Protein F4&2 has an spparent mrpleniUr weight (in 
the presence of SDS) of 42,200 and an isoelectric point of 
about pH &0 (estimated from the riosition of elongation factor 
Tu[52] on the same gels. 3 Synthase I comprises 0.6% of the 
protein of E. coiL This value does not vary with the growth 
temperature (49) and raaeases linearly with increased growth 
rate 4 (48). 

The values that we and Priillips and Neidhart* obtained for 

" T. A. PhOlint and F. C Neidhart, pernnal conunuiikatxML 
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Fig 5. SDS-polyacrylamide gel electrophoresis of 0-keto- 
acyl-ACP synthases I and II. The synthase I and II samples were 
purified through the gel filtration step of the purification scheme of 
D'Agnolo et al (9). The samples applied were Lanes 1 and 20, bovine 
serum albumin (Af, - 68,000); Lanes 2 and 9, ovalbumin (M r - 
43,000), Lanes 3 and 9, bovine carbonic anhydrase (M r - 30,000); 
Lanes 4 and 7, synthase I from the E. coli K-12 strain, UC1; Lanes 5 
and 6* synthase II from the E. coli K-12 strain, UC1; and Lanes 11 
and 12 contained synthases I and II, respectively, from E. coli B. The 
gel system contained 0. 1% SDS and was essentially that of Cleveland 
et al (54). The samples were boiled in the sample buffer of Cleveland 
et al. (54) before loading. The gel was 26 ct in length (0.16 cm thick) 
and contained 10% acrylamide cross-linked with 0.27% bisacrylamide. 
Staining and destaining were done as previously described (54). 

the molecular weight of synthase I under denaturing condi- 
tions are somewhat greater than the values previously re- 
ported by Prescott and Vageloa (32). Those workers had 
obtained molecular weights of 35,000 and 37,000 by SDS-gel 
electrophoresis and by gel filtration in the presence of guani- 
dine HC1, respectively (32). All of these values are incompat- 
ible with the native molecular weight of 66,000 reported by 
Greenspan and Vagelos (22), and thus, we determined the 
molecular weight of synthase I by the sedimentation equilib- 
rium method of Bothwell et al (53). The distribution of 
synthase I as deterniined by enzymatic activity gave a molec- 
ular weight for the active enzyme of 80,000 ± 5,000 (Pig. 6). 
This value is in good agreement with the average (39,000) of 
the various determinations of the subunit molecular weight. 
The amino acid composition we obtained for synthase I (Table 
3) agrees well with that previously reported by Greenspan and 
Vagelos (22) for the enzyme from E. coli B. 

l-Ketoacyl-ACP synthase II was also purified to homoge- 
neity. Out best preparation had a specific activity of 6.3 units/ 
mg protein and gave a single protein band on SDS-gels (Fig. 
5). The apparent molecular weight of synthase II was 44,000 
to 45,000, a value slightly (although significantly) larger than 
that of synthase I. We also determined the molecular weight 



of the native molecule by sedimentation equilibrium and 
obtained a value of 86,000 ± 5,000 (Fig. 6). This value indicates 
that synthase II like synthase I is composed of two subunits 
of similar or identical molecular weights. By gel filtration an 
apparent molecular weight for synthase II of 76,500 was 
obtained by D'Agnolo et al (9). The similarity of this value to 
that obtained by sedimentation equilibrium argues that syn- 
thase II iaa globular protein. The amino acid composition of 
synthase II was similar but not identical to that of synthase I 
(Table 3). 

Comparison of the Primary Structures of Synthases I and 
II— Vie tested the relationship between synthases I and II by 
peptide mapping using the method of Cleveland et al (54). 
Homogeneous samples of synthases I and II were digested 
with a protease in the presence of SDS. The digestions were 
run in parallel and the resulting peptides were separated by 
polyacrylamide gel electrophoresis in the presence of SDS 
and urea (Fig. 7). 

The peptide maps of synthases I and II obtained with 
Staphylococcus V8 protease, chymotrypsin, and papain were 
strikingly different Furthermore, synthases I and II differed 
greatly in their sensitivity to both Staphylococcus V8 protease 
and papain (Fig. 6). Peptide maps of synthases I and II cleaved 
with CNBr also differed markedly, but the Coomassie blue 
staining was too faint for adequate photographic reproduction 
(data not shown). We conclude that synthases I and II share 
few if any amino acid sequences. 

We have also tested the immunological relationship be- 
tween synthases I and II (Fig. S). A purified IgG fraction was 
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Fig. 6. Sedimentation equilibrium analysis of synthases I 
and IL The experiments were performed essentially as described by 
Bothwell et al (53) with the modifications previously used in this 
laboratory (27). The values plotted are the log of the fraction of 
protein remaining in the top 40% of the tube after centrifugation 
versus the molecular weight of the protein normalized to a partial 

specific volume of 0.725 ml/g. The upper curve (• •) was an 

experiment performed on synthase I. The nominal speed of the air 
turbine centrifuge was 43,000 rpm (for 10 h). In the lower curve 

(O O), the experiment on synthase II was run at a nominal speed 

of 50,000 rpm for 8 h. The positions of synthases I and II are given by 
the symbols A and respectively. The standards for synthase I were 
ACP iM t - M50, 0 - 0.731), chymotrypsinogen (M r - 25,700, v « 
0.734), ovalbumin {M, - 44,600, v - 0.744), bovine serum albumin (Af r 
- 68,000, v - 0.735), E. coli alkaline phosphatase (M r - 102,000, v- 
0.730), beef heart lactic dehydrogenase (Af r - 136,000, v - 0.740). The 
same standards were used for synthase II except horse heart cyto- 
chrome C (Mr - 11,700, v - 0.728) was used in place of ACP and 
another standard, Leuconostoc mesenteroides glucoses-phosphate 
dehydrogenase (Jf r - 103,600, v - 0.718), was included. Further 
details are given under "Experimental Procedures." 
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Fio. & TmwnnMjA|<^| -rtartirnghfn tmtTnrnn syn th ases I and 
a The center wells contained 9 fig of antisynthMc I IgG {Pattern I 
at left) or 7 of control (pretmmune) IgG {Pattern 2 at right). The 
outer Wells A and D of both patterns contained 1JS6 muntU of 
synthase I, whereas outer WMb B and C contained 1.68 mumts of 
synthase II. The ensyme preparations used were purified by the 
standard procedure except that the ftnal gel filtration step was omit- 
ted. 



Fio. 7. Comparative peptide mapping of synthases I and H 
The protease digestions were performed in the presence of SDS 
essentially as described by Cleveland et al (54). Staphylococcus 
aureus V8 protease and chymotrypsin were used at 60 ug/ml whereas 
papain was used at 7.5 ug/ml. The synthase concentrations used were 
approximately 1 mg/ml and 500 ug/ml for synthases I and II, respec- 
tively (the enzymes from the E. coli K-12 strain, UC1 were used). The 
protease digestions were incubated for 45 min at 37°C before electro- 
phoresis. The gels used differed from those in Fig. 1 in the thickness 
(0.08 cm), the length (14 cm), the acryiamide concentration (15%), 
and that the separating gel contained 8 ftf urea. Lane /, synthase I 
undigested; Lane 2, synthase II undigested. Lane 3, synthase I di- 
gested with V8 protease out-tone 4 t synthase II digested with V8 
protease; Lane 5, V6 protease; Lane 6, synthase I digested with 
chymotrypsin; Lane 7, synthase II digested with chymotrypsin; Lane 
8. chymotrypsin; Lane 9, synthase I digested with papain; Lane 10, 
synthase II digested with papain out-lone 11, papain. As observed 
by Cleveland et al (54), the patterns of peptides given with V8 
protease and chymotrypsin were quite insensitive to small (<4~fold) 
variations in protease concentration. However, the patterns obtained 
with papain were considerably altered by a 3-fold change in papain 
concentration. 

obtained from the serum of a rabbit injected with homoge- 
neous synthase I. The anti-synthase I IgG preparation gave a 
readily detectable precipitin line with partially purified fi- 
ketoacyl-ACP synthase I, but no precipitin line was detected 
when equivalent activities (and thus equivalent masses of 
protein (9)) of synthase II preparations were exposed to the 
antibody. We conclude that synthases I and II have few 
antigenic determinants in common. 

Substrate Specificities of Synthases I and //—Extensive 
data on the substrate specificity of ^-ketoacyl-ACP synthase 
I have been reported However, the kinetic constants for the 
various substrates differ greatly among the various reports. As 
discussed in more detail in the miniprint section, we attribute 
this variability to two defects in the assay method: the speci- 
ficity of the ensyme catalyzing the coupled reaction that 
allows the activity to be monitored spectrophotometrically; 
and the chemical preparation of the acyl-ACP substrates. We 
have developed a radiochemical assay to avoid the first prob- 
lem (see "Experimental Procedures" in miniprint section) and 
use enzymatically synthesized acyl-ACP substrates to avoid 
the artifacts of chemical synthesis. 

The relative activities of synthases I and II can be greatly 
altered by the assay conditions used (9), and thus we have 
normalixed our maximal velocity data to that obtained with 



Tablk IV 

Kinetic constants of fi-ketoacylACP synthases I and 11 
The V,* values are apparent values expressed relative to the 
apparent V^, of tetradecanoyl (C14:0)ACP at 37*C. The V,*, and 
Km values were obtained Vom Lineweaver-Burk (44) plots (Pig. 4) 
The plots had four or five different concentrations of acyl-ACP evenly 
distributed in inverse substrate concentration over a 4-fold concen- 
tration range. The correlation coefficients (least squares regression) 
for each data set were >0M. The V«« values with tetradecanoyl- 
ACP at 37°C were 2.9 and 1.1 units/mg of protein for gynthasea I and 
II, respectively. Hie synthase preparations were purified through the 
hydroxylapatite step from the E. coli K-12 strain, AB3829 pyrC. 
Synthase II did not follow Michaelis-Menten kinetics with C120-ACP 
(Fig. 4). 
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tetradecanoyl-ACP as the substrate (Table IV). We chose 
tetradecanoyl-ACP because it is an excellent substrate for 
both synthases in vitro and in vivo (as argued from genetic 
evidence (11)). 

Both ^-ketoacyl-ACP synthases I and II were essentially 
inactive with cis-vaccenoyl-ACP and palmitoyl-ACP «1% of 
the activity with C 14:0- ACP). This is consistent with the 
finding that E. coli contains only traces (if any) of the final 
elongation products (cts-U ekoeenok acid and stearic acid, 
respectively). Both synthases funtioned with all of the other 
substrates tested although there was one striking difference 
between the two ensymes in that palmitoleoyl-ACP was en 
excellent substrate for synthase II but a poor substrate for 
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synthase I (Table IV). This difference waa primarily due to 
the slow rate at which synthase i elongated this substrate, as 
the Michaelis constants of the two enzymes for palmitoleoyl- 
ACP were similar. 

We have proposed that 0-ketoacyl-ACP synthase II is inti- 
mately involved in the temperature regulation of fatty acid 
composition in E. coli (11), and thus we tested the effect of a 
decreased assay temperature on the kinetic constants of both 
synthases. As expected, at 27°C with palmitoleoyl-ACP aa the 
substrate, the difference between synthase I and II was greater 
than that found at 37°C (Table IV). Although both enzymes 
had lower K m values for palmitoleoyl-ACP at the lower tem- 
perature, the relative velocity of the synthase II reaction was 
disproportionately greater. 

Oenstic Analysis of a Synthase II Mutant— Although (abF 
mutants lack 0-ketoacyl-ACP synthase II, these strains grow 
normally (10). However, if a temperature-sensitive fabB mu- 
tation (fabB*) is introduced into a fabF strain, these double 
mutants are unable to grow on media supplemented with 
oleate at 42°C (11) (fabB* mutants grow weU at 42°C if 
supplemented with oleate). This growth phenotype was used 
to locate the fabF locus on the genetic map of E. coli 

Interrupted matings of a fabF % fabB* strain, CY216, with 
several different fab* Hfr strains were carried out by the 
method of Zipkas and Riley (65). These experiments indicated 
that the fabF gene was located near min 24 of the current 
genetic map of E. coli (66). Finer mapping was carried out by 
transduction with phage Pi (Table V). The fabF locus was 
co-transduced almost equally (22 to 27%) with two markers in 
this region, pyrC and purB (Table V). The pyrC and purB 
loci are only a few per cent co-transduced (46, 56), and thus, 
the fabF gene must be located approximately midway between 
these two genes. 

Another lesion in fatty acid synthesis, the fabD gene that 
codes for malonyl transacylase, has been mapped between the 
pyrC and purB loci by Semple and Silbert (46). We mapped 
the fabF locus in relation to the fabD locus using phage PI 
stocks grown on a fabF strain to transduce a fabD strain to 
temperature resistance. The phospholipid fatty acid compo- 
sitions of the fabD* recombinants were then analyzed by thin 
layer chromatography. fabF mutants are sufficiently deficient 



in cw-vaccenate synthesis that this deficiency is readily scored 
by visual inspection of autoradiograma of the thin layer chro- 
matograms (6, 10). These experiments demonstrated that the 
fabF and fabD genes are tightly (89%) linked (Table V). 

The order of the fabF and fabD genes on the genetic map 
was determined in relation to the purB locus. fabD mutants 
have the same growth phenotype aa fabF, fabB* strains (45), 
and since the fabF growth phenotype depends on having a 
f^bB* lesion in the same strain (11), elaborate conventional 
strain construction would have been needed to establish the 
map order. To simplify the strain construction and analysis, 
a strain carrying a TnlO transposon integrated very close to 
the purB locus was used. This strain was isolated by selecting 
simultaneously for purine-independent and tetracycline-re- 
sistant (tor 11 ) recombinants of the purB strain, PC0540, with 
PI phage grown on a pool of random TnlO insertions (38, 39). 
The TnlO insertion used was >99% linked to the purB locus 
(Table V). 

Strains were constructed carrying the TnlO insertion and 
either fabD or fabF. PI phage grown on these strains were 
used to infect either a fabF or a fabD strain. All recipient and 
donor strains carried a fabB* mutation so that the fabF 
genotype could be scored by its growth phenotype. Equ 
volumes of each transduction mixture were plated on tw„ 
plates containing tetracycline. One plate was incubated at 
30°C to select for tetracycline resistance (tet*) and the other 
was incubated at 42°C to select for tet* t fabD* fabF*. The 
results of these crosses (Table V) show that if fadD was 
carried by the donor and fabF by the recipient, 22% of the 
tet R recombinants were fabD* fabF*, whereas in the reverse 
cross {fabF in the donor), <0.3% of the tet* recombinants 
were fadD* fabF*. The latter result is that expected for a four 
cross-over class of recombinants whereas the former result is 
that expected for a two-cross-over class. These data are only 
consistent with the order fabD t fabF, TnlO. Since the TnlO 
insertion used was very tightly linked to purB (Table V), the 
clockwise map order must be pyrC, fabD, fabF, purB. 

DISCUSSION 

0-Ketaacyl-ACP synthases I and II of E. coli are two 
distinct proteins. S^nth >se I is coded by the fabB gene (11) 



AH stride except WNl, LA2-89, PC0254, and MA1008 also carry 
a fabB* lesion ( fabB2l). The two factor crosses were performed and 
scored by standard procedures except Cross 3 in which fabF was 
scored by fatty acid analysts (see text). In Crosses 8 and 9, equal 
volumes of a single transduction mature were plated on two plates 
containing tetracycline. The plates were incubated at 30°C for 12 h, 



Table V 

Transductional mapping of the fabF gene 



then one of the two plates was shifted to 42°C. The 30°C plate gave 
the number of teV recombinants whereas only tet r fabD*F* recom- 
binants grew on the 42°C plate. The same procedure was used for 
Crosses 10 and 11. The medium used in Crosses 8 to 11 was R broth 
containing Medium E and 10 /ig/ml of tetracydine-HCl. 
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and is a dimcr of molecular weight 80,000 (Fig. 6) with two 
similar, probably identical (32) subunita (Fig. 1). Synthase I 
readily catalyzes all the condensation reactions of long chain 
fatty acid synthesis except the elongation of palmitoleoyl-ACP 
(Table I). Previous workers had reported that synthase I has 
a molecular weight of 66,000 by sedimentation equilibrium 
(22) whereas the apparent subunit molecular weight was 
35,000 to 37,000 (32). Our subunit molecular weight (44,000 to 
45,000) was obtained by SDS-polyacrylamide gel electropho- 
resis on slab gels, a method more reliable than the early 
version of the technique used previously (32). A larger dis- 
crepancy occurs between our value for the native molecular 
weight, 80,000 (Fig. 6), and the previous value (22) of 66,000. 
Although both values were obtained by sedimentation equi- 
librium, we used the method of Bothweil et at. (53) and 
determined the distribution of the protein by enzymatic activ- 
ity, whereas the previous workers (22) assayed the total pro- 
tein distribution by ultraviolet scanning. Heterogeneity was 
evident in the untraviolet scan for protein reported (22). Since 
ultraviolet scanning is an insensitive assay for heterogeneity 
(57), considerable heterogeneity may have been present. The 
conditions used in the sedimentation experiment of Greenspan 
ai.d Vagelos (22) were later shown (32) to result in structural 
changes in the protein (probably dissociation into monomers). 
It should be noted that our molecular weight estimate for 
synthase I is compatible with previous sedimentation velocity 
(22) and gel filtration (9) data and together with these data 
indicate a globular shape for £-ketoacyl-ACP synthase I. 

0-Ketoacyl-ACP synthase II has a molecular weight of 
approximately 85,000 (Fig. 6) and is composed of two similarly 
sized subunits (Fig. 5). The subunit* are probably identical, 
on the basis of data reported by Prescott and Vagelos (32). 
Tryptic digestion of synthase I gave a peptide map with 23 
strongly staining spots and a similar number of iigUly staining 
spots (32). Because the synthase I was purified by batch 
elution from hydroxylapatite rather than by gradient elution, 
contamination with synthase II was likely. 4 The two synthases 
have similar lysine plus arginine contents (Table 3) and thus 
it seems probable that the lightly staining peptides were 
derived from synthase XL The number of these peptides is 
only consistent with a homo-dimeric native structure. The 
simplicity of our partial peptide digestions (Fig. 7) is also 
consistent with homodimeric structures for both 0-ketoacyl- 
ACP synthases. The similarity of the molecular weight values 
obtained by sedimentation equilibrium (Fig. 6) to that previ- 
ously inferred from gel filtration (9) indicates the synthase U 
is a globular protein. 

The data presented in this paper further support our hy- 
pothesis that 0-ketoacyl-ACP synthase II plays a major role 
in the thermal regulation of fatty acid synthesis. Physiological 
studies indicated that an increase in the rate of cis-vaccenate 
synthesis is the primary response of fatty acid synthesis to a 
decrease in temperature (4-6). This change is accomplished 
by changes in the activity of a pre-existing enxyme(s) (3). fabF 
mutants, which do not elongate palmitoleate and do not 
thermoregulate their fatty acid composition, lack synthase II 
(11). Revertants of /a6F Jdmultaneously exhibit normalization 
of fatty acid composition, thermoregulation, and l-ketoacyi- 
ACP synthase U activity (11). We report here that at 37°C 
synthase II elongates palmitoleoyl-ACP with a relative veloc- 
ity 12-fold more rapid than synthase I (Table IV). At 27°C 
the differential is more than 30-fold In addition, the apparent 
K m at 27°C is significantly lower than at 37°C. The changes in 
kinetic parameters for synthase U are not only consistent with 
a major role in temperature regulation. They are also consist- 
ent with our finding that changes of intrinsic enzyme activity, 
4 J. U Garwin, unpublished data. 
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rather than de novo synthesis or enzyme modification, are the 
basis for the temperature regulation of fatty acid synthesis in 
E, coil (3). 

0-Ketoacyl-ACP synthase I ia essential for unsaturated 
fatty acid biosynthesis (9) and thus synthase I catalyzes a 
reaction in unsaturated fatty acid synthesis that synthase !I 
cannot The identity of this reaction remains unknown. The 
most probable site for the unique role of synthase I in unsat- 
urated "atty acid synthesis is the elongation of cw-3-decenoyi- 
ACP. We have argued that synthase I should be very active 
on this substrate, whereas synthase II should be inactive (11). 
Unfortunately, we have been unable to synthesize significant 
amounts of cw-3-decenoyi-ACP using either acyl-ACP syn- 
thetase (28) or the transacylation activity of synthase I (68) 
It has been reported that synthases I and II both catalyze the 
elongation of cw-3-decenoyl-ACP samples synthesized by 
chemical means (9). However, these substrates lack native 
structure (28, 29) and thus a definitive test of our hypothesis 
must await the synthesis of native os-3-decenoyl- ACP. 

We have shown that the fabF locus is very closely linked to 
the fabD locus, the structural gene for malonyl transacylase 
(Table V) . The linkage is sufficiently close that fabF and fabD 
could be neighboring genes (69) and thus coordinately con- 
trolled. If, as seems likely, the fabF locus is the structural 
gene for £-ketoacyl-ACP synthase II, coordinate synthesis of 
malonyl transacylase and synthase II may regulate the relative 
rates of two consecutive steps of fatty acid synthesis. 
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